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ABSTRACT
Fumarate hy d ra ta se  from Pseudomonas f lu o re sc e n s  was p u r i f ie d  
through th e  use o f protam ine s u l f a t e , ammonium s u l f a te  f r a c t io n a ­
t io n ,  d ie th y lam in o e th y l c e l lu lo s e  column chrom atography, hydroxyl 
a p a t i t e  column chromatography and p re p a ra tiv e  g e l  e le c tro p h o re s is .  
The p u r i f ie d  fum arase had 790 tim es th e  s p e c if ic  a c t i v i t y  o f th e  
crude e x t r a c t .  A n a ly tic a l g e l  e le c tro p h o re s is  o f  fum arase in d ic ­
a te d  th e  p re p a ra tio n  was r e l a t i v e ly  p u re . Gel e le c tro p h o re s is  
coupled w ith  enzyme assay s on g e l  s l i c e s  in d ic a te d  th a t  th e  en ­
zyme d is s o c ia te d  du ring  e le c tro p h o re s is  of. d i lu t e  enzyme s o lu ­
t io n s .  A m olecu lar w eight o f 166,000 was o b ta in ed  by sucrose
d e n s ity  g ra d ie n t  c e n tr ifu g a tio n . Low c o n c e n tra tio n s  o f t h io l  
J t
in h ib i to r s  (10 M) d id  no t i n h ib i t  th e  enzyme, b u t p re in c u b a tio n  
o f th e  enzyme w ith  h igh  c o n ce n tra tio n s  (0 .05  M) o f th e  in h ib i to r s  
m arkedly d ecreased  enzyme a c t i v i t y .  The maximum i n i t i a l  v e lo c i ­
t i e s  and M ichaelis c o n s tan ts  v a r ie d  w ith  pH and b u f fe r  concen­
t r a t i o n .  K in e tic  d a ta  dem onstrated  a  pH optimum of 6 .9  w ith  
fum arate a s  s u b s tra te  and 8 .1  w ith  m alate  a s  s u b s tr a te .  Io n iz a ­
t io n  c o n s ta n ts  were c a lc u la te d . Values o f 7*3 and 8 .1  were 
found f o r  th e  f r e e  enzyme. With fum arate  a s  s u b s tra te  th e  
and pK ^F  v a lu es  were c a lc u la te d  to  be 5*7 and 8 . 3 . The v a lu es 
f o r  th e  fum arase -.malate complex were shown to  be 7 .k  and 8 .8 .
Since th e  same io n iz a tio n  c o n s ta n t v a lu e s  were dem onstrated  f o r  
th e  two e s s e n t i a l  groups in  th e  f r e e  enzyme f o r  e i th e r  s u b s tr a te ,
v i i .....
i t  appears t h a t  i t  i s  the  same enzym atic s i t e  which converts  
L-m alate to  fum arate and fum arate  to  L -m alate . M ichaelis 
c o n s ta n ts  and maximum i n i t i a l  v e lo c i ty  c o n s ta n ts  were a f fe c te d  
by c o n c e n tra tio n  o f phosphate b u f f e r .  I t  i s  th u s  p o ss ib le  
th a t  phosphate in flu e n ce s  th e  io n iz a t io n  groups in  th e  a c t iv e  
s i t e  o f th e  enzyme. These r e s u l t s  in d ic a te  th a t  fum arate 
h y d ra ta se  from P. f lu o re sc en s  obeys s im ila r  k in e t ic  mechanism 
a s  does th e  p ig  h e a r t  fum arate h y d ra ta se .
INTRODUCTION
R ecen tly  e f f o r t s  have been made to  determ ine th e  mode of 
a c t io n  o f 2 ,4 -d ich lo ro p h en o x y ace tic  a c id  (2,1+—D) in  m icroorgan­
ism s. In  1967 Hart ( l8 )  re p o r te d  t h a t  2 ,4-D  a t  low c o n ce n tra ­
t io n s  had a  s e le c tiv e  in h ib i to r y  e f f e c t  on fum arase o f Pseudomonas 
f lu o re s c e n s . Fumarase in  th e  crude and p a r t i a l l y  p u r i f ie d  s t a te s  
was in h ib i te d  69 to  80# by 10 M 2 ,4-D . D ialyzed p a r t i a l l y  p u r i ­
f ie d  fum arase was no t in h ib i te d  by 2 ,4 - D u n le ss  "K ochsaft" p re ­
p a red  from crude c e l lu l a r  e x t r a c ts  o r ad en y lic  a c id  (AMP) was 
p re s e n t .  Whether o r  n o t AMP was th e  a c t iv e  p r in c ip le  in  "Kochsaft" 
was n o t a sc e r ta in e d . In d o la c e tic  a c id  was te n  tim es more a c tiv e  
th a n  2,4-D .
In  o rder to  determ ine th e  mechanism o f a c t io n  of 2,4-D  and 
in d o la c e tic  a c id  on th e  fum arase o f P. f lu o re sc e n s  and to  e s ta b ­
l i s h  th e  chem ical id e n t i ty  o f th e  a c t iv e  p r in c ip le  in  "Kochsaft" 
a  pure  o r n e a r ly  pure fum arase was d e s i r a b le .
The p re se n t r e p o r t  c o n s t i tu te s  th e  f i r s t  s te p s  in  re se a rc h  
on th e  mechanism of a c t io n  o f 2,4-D  on b a c t e r i a l  fum arases. A 
method of p u r i f ic a t io n  o f  fum arase has been developed and a num­
b e r  o f  th e  b iochem ical and k in e t ic  c h a r a c te r i s t i c s  o f th e  fum ar­
ase  has been e lu c id a te d .
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LITERATURE REVIEW
Fumarate h y d ra tase  (fum arase, E.C. k . Q . 1 . 2 . ) ,  th e  enzyme 
c a ta ly z in g  th e  r e v e r s ib le  h y d ra tio n  o f fum aric  a c id  to  L-malic 
a c id , was d isco v ered  by B a t i e l l i  and S te rn  in  1911 (4 ) . The 
c r y s t a l l i z a t io n  o f the  enzyme from p ig  h e a r t  was d esc rib ed  by 
Ia k i and Laki (2 3 ) , b u t S co tt (37)> S co tt and Pow ell (38 ) , and 
Racker ( 35 ) found th a t  t h i s  p re p a ra tio n  con ta ined  s ig n i f ic a n t  
amounts o f o th e r  p ro te in s  and Racker (35) f u r th e r  p u r i f ie d  th e  
enzyme th re e  f o ld .  Massey (26 , 27 ) was th e  f i r s t  to  i s o la te  fum­
a ra se  in  a  p u re , c r y s t a l l in e  s t a t e .  Swine h e a r ts  were minced, 
b lended and th en  c e n tr ifu g e d  a t  1800 x g and th e  re s id u e  d i s ­
carded . The su p e rn a ta n t s o lu tio n  was low ered to  a  pH of 5«2 
and i n e r t  p r e c ip i ta te d  p ro te in s  were removed. This s te p  was 
follow ed by calcium  phosphate g e l  a d so rp tio n  and e lu t io n  which 
gave a  t h i r t y  to  f o r ty  fo ld  p u r i f ic a t io n .  The e lu te d  enzyme 
was f r a c t io n a te d  w ith  ammonium s u l f a te  which was fo llow ed by 
f u r th e r  p u r i f i c a t io n  on a  second calcium  phosphate g e l  column. 
Ammonium s u l f a te  f r a c t io n a t io n  was rep e a te d  and c r y s t a l l i z a ­
t io n  was c a r r ie d  o u t. His method o f p u r i f ic a t io n  has been mod­
i f i e d  by F rieden  e t  a l .  ( l ^ ) .  In  t h i s  method fum arase was 
p r e c ip i ta te d  by low ering  th e  pH and th e  tem p era tu re , and c a l ­
cium phosphate g e l  was no t used . Subsequently  Kanarek and H i l l  
( 20 ) d e sc rib e d  a  procedure  f o r  f r a c t io n a t io n  o f e x tr a c ts  of
2
3
sw ine h e a r t  muscle which y ie ld ed  gram q u a n ti t ie s  o f pure c r y s ta l l in e  
enzyme. In  t h e i r  method, th e  su p e rn a ta n t so lu tio n  o b ta in ed  a f t e r  
c e n t r ifu g a t io n  o f th e  crude , minced t i s s u e ,  was su b jec ted  to  th re e  
ammonium s u l f a te  f r a c t io n a t io n s  and c r y s ta l l i z a t io n  was induced w ith  
ammonium s u l f a te .  The f i r s t  crop o f c r y s ta l s  was sedim ented and 
reco v ered  by c e n tr ifu g a tio n  and a  second crop of c ry s ta l s  was 
allow ed to  form from th e  su p e rn a ta n t f l u i d .  The c ry s ta l s  were f a i n t ­
ly  b i r e f r in g e n t  in  p o la r iz e d  l i g h t .  They were only s l i g h t l y  s o l ­
ub le  in  d i s t i l l e d  w a te r, b u t were r e a d i ly  so lub le  in  0 .0 1  M phos­
p h a te  b u f f e r ,  pH 7*3*
Sed im entation  and d i f fu s io n  c o n s ta n ts  in d ic a te d  th a t  p ig  h e a r t  
fum arase has a  m olecu lar w eight o f abou t 200, 000 . E le c tro p h o re s is  
eaqperiments in d ic a te d  an i s o e le c t r i c  p o in t  between pH v a lu e s  o f  5.0 
and 5*^* The tu rn o v er number i s  100,000 a t  20 C in  th e  p resen ce  of
0.033 M phosphate a t  pH 7.3  ( l ^ ) .
The pH a c t i v i t y  curves o f p ig  h e a r t  fumarase a re  g r e a t ly  i n ­
flu en ced  by th e  n a tu re  and c o n c e n tra tio n  o f th e  an ions p re s e n t  in ­
c lu d in g  th e  s u b s tr a te .  The pH optimum a s  determ ined from maximum 
i n i t i a l  v e lo c i ty  measurements in  th e  p resence  of O.O33 M phosphate 
i s  8 .2  w ith  m alate  a s  s u b s tra te  and 6 .8  w ith  fum arate a s  s u b s t r a te .  
For b o th  s u b s tr a te s ,  phosphate and a  la rg e  number of o th e r  p o ly ­
v a le n t  an io n s  w i l l  cause e x te n s iv e  a c t iv a t io n  and produce a  s h i f t  
in  th e  pH optimum toward a lk a l in e  v a lu e s . M ichaelis c o n s ta n ts  
and maximum i n i t i a l  v e lo c i t i e s  f o r  b o th  s u b s tra te s  have been d e te r -
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mined a t  low s u b s tra te  c o n ce n tra tio n s  over a  pH range of 5*5 to
8 .5  a t  phosphate b u f fe r  co n ce n tra tio n s  o f 5> 151 60 and 133 mM.
The M ichaelis c o n s ta n ts  f o r  bo th  s u b s tr a te s  vary  s ig n i f ic a n t ly  w ith  
th e  pH and a re  n e a r ly  d i r e c t l y  p ro p o r tio n a l  to  th e  c o n c e n tra tio n s  of 
phospihate b u f fe r .  High c o n ce n tra tio n s  o f phosphate i n h ib i t  th e  
enzyme. The maximum i n i t i a l  v e lo c i t ie s  in c re a se  w ith  d ec rea sin g  con­
c e n tra t io n s  and approach a  value independent o f phosphate concen­
t r a t i o n  (2 ) .  S im ila r ly  a  number o f m onovalent an ions such as C l" , 
Br’ , i ” , and CNS” w i l l  cause an a lk a l in e  s h i f t  o f  th e  pH optimum.
The e f f e c t  on th e  pH a c t i v i t y  curves by th e s e  an ions and by th e  sub­
s t r a t e s  r e s u l t s  from a l t e r a t io n s  of th e  io n iz a t io n  c o n s ta n ts  o f 
groups a t  o r  c lo se  to  th e  a c tiv e  c e n te r  o f th e  enzyme.
For a c c u ra te  a c t i v i t y  e s tim a tio n s  th e  r e a c t io n  tem pera tu re  
must be c a re fu l ly  c o n tro l le d . The a c t i v i t y  v a r ie s  8# p e r  degree 
betw een 22 and 28 C. The a c t iv a t io n  e n e rg ie s  of th e  h y d ra tio n  and 
d e h y d ra tio n  re a c t io n s  o f fumarase vary  w ith  pH and tem pera tu re  (29 )• 
At pH v a lu es  above th e  optimum, the  a c t iv a t io n  energy in c re a se s  a t  
a  c r i t i c a l  tem pera tu re  which v a r ie s  w ith  th e  pH as  th e  tem perature  
i s  in c re a se d . At pH v a lu e s  around th e  optimum th e re  i s  no t any 
v a r ia t io n  o f a c t iv a t io n  energy over th e  tem p era tu re  range in v e s t i ­
g a ted  (8-39 C ). At pH v a lu es  lower th an  th e  optimum th e  a c t iv a ­
t io n  energy d ecreases  a t  a  c r i t i c a l  tem p era tu re  of 18 C which i s  
independent o f the  pH, a s  th e  tem perature  i s  in c re a se d . M ichaelis 
c o n s ta n ts  a re  a ls o  m arkedly tem perature dependent (29 ) .  With
5
L-m alate a s  s u b s tr a te  th e  Kin In c re a ses  a s  th e  tem perature  i s  
in c re ased , in d ic a t in g  th a t  h e a t i s  evolved in  th e  fo rm ation  o f 
th e  enzyme-malate complex. The fo rm ation  o f th e  m alate-fum arase 
complex r e s u l t s  in  th e  e v o lu tio n  o f 1200 c a lo rie s /m o le  w hile  
the  a c t iv a t io n  o f  th e  m alate complex re q u ire s  1500 c a lo r ie s .
With fum arate , th e re  a re  two tem pera tu re  ranges to  c o n s id e r . Be­
low th e  c r i t i c a l  tem pera tu re  o f 18 C th e  fo rm ation  of th e  fum- 
arate-enzym e complex re q u ire s  10,000 c a lo r ie s .  At tem pera tu res 
above 18 C, ^200 c a lo r ie s  a re  re q u ire d  f o r  th e  fo rm ation  o f th e  
fumarate-enzyme complex and 6100 c a lo r ie s  f o r  th e  subsequent a c t ­
iv a tio n . Thus, th e  fo rm ation  of th e  enzyme-malate complex i s  
exotherm ic, w h ile  th e  fo rm ation  o f th e  enzyme-fumarate complex 
i s  endotherm ic.
The e q u ilib riu m  c o n s ta n t of m alate  to  fum arate v a r ie s  w ith  
tem pera tu re . The e q u ilib riu m  c o n stan t a t  25 C i s  between H-oO 
and If.5 above pH 5*0# b u t below pH 5*0 th e  eq u ilib riu m  c o n s ta n t 
r i s e s  because o f  th e  d ep re ss io n  o f io n iz a t io n  of L-malic a c id  
in  t h i s  pH re g io n  (6 ,2 2 ) .
Amino a c id  a n a ly s is  o f p ig  h e a r t  fum arase (20) dem onstrated  
12 h a lf - c y s t in e  re s id u e s  p e r  m olecule. Furtherm ore the  f r e e  
su lfh y d ry l groups were e s tim a ted  by t i t r a t i o n  in  8 .0  M u re a  w ith  
p -ch lo rom ercu ribenzoate  (FCMB) by Kanarek and H i l l  (20) who 
found th a t  12 moles o f PCMB re a c te d  p e r  mole of fum arase. T his 
suggested th a t  p ig  h e a r t  fum arase i s  devoid  o f  d is u l f id e  bonds
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and th a t  th e  t o t a l  h a lf - c y s t in e  con ten t i s  accoun ted  f o r  by 
c y s te in e . H il l  and coworkers (21) tr e a te d  fum arase w ith  6 .0  M 
guanid ine hydroch lo ride  and found a m olecular w eigh t o f ^8,500  
f o r  th e  su b u n its . D eterm ination  of the  N -te rm ina l amino a c id s  . 
rev e a le d  3*6 re s id u e s  of a la n in e  fo r  a m olecu lar w eight 19^ , 000 . 
These r e s u l t s  support th e  view  th a t  fumarase i s  composed o f
i
fo u r  id e n t i c a l  su b u n its .
P ig  h e a r t  fum arase has been found to  be q u i te  s p e c if ic  
f o r  L-m alate and fum arate (1 3 ,1 6 ). The p r in c ip a l  f in d in g s  r e ­
la t in g  to  th e  s te r e o s p e c i f i c i ty  and s t r u c tu r a l  f e a tu r e s  o f the  
a c t iv e  s i t e  may be summarized as fo llo w s: (A) Both hydrogen
and hydroxyl ions o f w ater a re  added to  fum arate  and removed 
from L-m alate s te r e o s p e c i f ic a l ly .  This co n c lu sio n  i s  based  upon 
th e  o b se rv a tio n  th a t  only  th e  L-isomer o f m alate  may serve a s  
a  s u b s tra te  (hydroxyl s p e c i f i c i ty )  and th a t  o n ly  th e  hydrogen 
atom e ry th ro  to  th e  hydroxyl group of L-m alate i s  removed d u r­
in g  th e  d ehyd ra tion  re a c t io n  (hydrogen s p e c i f i c i t y ) ;  (B) T wo 
d i f f e r e n t  d is s o c ia b le  g roups, one in  th e  a c id ic  form  and th e
'  :» I',
o th e r  in  th e  b a s ic  fqrra a re  req u ire d  f o r  c a t a ly s i s  (2 3 ). These• i .
groups a re  presum ably in  th e  a c tiv e  s i t e  and a p p ea r to  be in
i
c lo se  ju x ta p o s i t io n  to  th e  l a b i l e  hydrogen atom and hydroxyl 
group o f L-m alate (^ 5 ); (C) Two reg io n s of p o s i t iv e  charge
1 i •
appear n ecessa ry  f o r  th e  e f f e c t iv e  bindinig o f pub street e o r
i  . *
co m p e titiv e  in h ib i to r s  to  th e  a c tiv e  s i t e  (30 ) .  The s u b s tra te  o r
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c o m p e titiv e  in h ib i to r  i s  p ro b ab ly  o r ie n te d  a t  th e  a c t iv e  c e n te r  
p r im a r ily  by io n ic  a t t r a c t io n  o f  i t s  charged carboxy l groups to  
th e  p r o te in .  This in  tu rn  would b r in g  th e  two o^carbon  atoms in  
c lo se  p ro x im ity  to  th e  proposed a c id ic  and b a s ic  groups t h a t  bind 
them. T his theo ry  i s  supported  by  k in e t ic  d a ta  o f  Massey (30) .
Fumarase has been shown t o  a c t  on flu o ro fu m ara te  (9 ) and 
L(— )- t a r t r a t e  (3*0* In b o th  c a se s  th e  p roduct o f th e  re a c tio n s  
was o x a la c e ta te  and some p y ru v a te  was p ro d u ce d ... The py ruvate  
a p p a re n tly  a ro se  from spontaneous d eca rb o x y la tio n  o f o x a la c e ta te .
Employment of k in e t ic  p a ram ete rs  in d ic a te d  th a t  p ig  h e a r t  
fum arase hydrated  fum arate and i t s  d e r iv a tiv e s  in  th e  fo llow ing  
o rder based  on r a t e s : f lu o ro fu m ara te  ^  fum arate )  chlorofum arate^ 
brom ofum arate^ a ce ty le n e d ic a rb o x y la te  ^  iodofum arate^> mesa- 
conate ( ^ l ) .  With the  ex ce p tio n  o f flu o ro fu m ara te , w a ter was 
added t r a n s  to  these  s u b s tra te s  to  produce th e  th reo -/3  s u b s t i ­
tu te d  d e r iv a tiv e s  o f  L -m alate. F luorofum arate  was hyd ra ted  c is  
to  g ive  f lu o ro m a la te . In  a d d i t io n  to  d e fin in g  more p r e c is e ly  
th e  s u b s tr a te  s p e c i f ic i ty  o f fum arase , th e se  s tu d ie s  sug g est 
th a t  s t e r i c  hindrance by th e  s u b s t i tu e n t  groups to  p ro p e r sub­
s t r a t e  b in d in g  i s  p r im a rily  r e s p o n s ib le  f o r  th e  observed o rd er 
o f  r e a c t i v i t y .
A ccording to  Massey (28 ) th e  fo llo w in g  compounds a c t  as 
com petitive  in h ib i to r s  o f fum arase : D -m alate, t r a n s -a c o n i ta te ,
c i t r a t e ,  m alea te , a d ip a te , g l u ta r a t e ,  su c c in a te , m alonate,
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D - t a r t r a t e ,  g ly c in e  and L -2-hydroxy-3-su lphoprop ionate . T hio- 
cyanate  i s  a  noncom petitive in h ib i to r  which a f f e c ts  io n iz a t io n  
groups on th e  enzyme.
H i l l  and coworkers ( 36) employed se v e ra l re a g e n ts  to  d e te r ­
mine th e  r o le  o f the  t h i o l  groups in  fum arase. The r a t e  o f r e a c ­
t io n  o f  th e se  rea g en ts  w ith  fum arase in d ic a te d  th a t  th e  t h i o l  
groups were n o t a s so c ia te d  w ith  th e  a c t iv e  s i t e  bu t were b u r ie d  
in  a  hydrophobic environm ent in  th e  i n t e r io r  o f the enzyme.
S ev era l o b se rv a tio n s  a re  in  accord  w ith  t h i s  view. The r a t e  o f 
r e a c t io n  o f  th e  t h i o l  groups i s  much slow er in  the  n a t iv e , a c t iv e  
enzyme th a n  in  th e  un fo ld ed , in a c tiv e  m olecule. The r a t e  o f r e ­
a c t io n  o f a  s e r ie s  o f a lk y l  mercury n i t r a t e s  in c re a se s  in  p ro ­
p o r t io n  to  th e  number o f  m ethylene groups in  th e  a lk y l  s id e  c h a in .
In  d i lu t e  aqueous s o lu t io n s  o f a l i p h a t i c  a lc o h o ls  th e  r a t e  o f r e ­
a c t io n  o f FCMB w ith  th e  t h i o l  groups in c re a se s  w ith  a lc o h o l con­
c e n tr a t io n  and th e  number o f m ethylene groups in  th e  a lc o h o l.  The 
r a t e  o f  r e a c t io n  o f io d o a c e ta te  a t  pH 6 .5  i s  minimal a t  23 .5  C, 
b u t in c re a s e s  a t  lower o r  h ig h e r tem p era tu re s . An in c re a s e  in  r e ­
a c t i v i t y  a t  low tem pera tu res appears to  occur a s  a  consequence o f 
a  d ecreased  s tre n g th  o f  hydrophobic in te r a c t io n s  a t  low tem p era tu re s .
R ecen tly  i t  was shown th a t  io d o a c e ta te  and If-brom ocrotonate 
m ight r e a c t  a t  the  a c t iv e  s i t e  o f p ig  h e a r t  fumarase ( 7 )* Each 
o f th e se  compounds c o n ta in  a  carboxy l group which i s  a  s t r u c tu r a l
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req u irem en t f o r  combining w ith  th e  a c tiv e  s i t e ,  and a ls o  b ro -  
m ocrotonate l ik e  fum arate c o n ta in s  a  double bond in  th e  t r a n s  
c o n fig u ra tio n . The enzyme was in a c itv a te d  to  an e x te n t  o f 80 
to  90$ when only  th re e  to  s ix  eq u iv a le n ts  o f each  compound r e ­
a c te d  w ith  th e  enzyme. In a c t iv a t io n  by each compound was r e ­
duced m arkedly by s u b s tr a te s  and com petitive  i n h ib i t o r s .  S- 
carboxym ethylm ethionine and 3 -ca rboxym ethy lh is tid ine  a re  th e  
m ajor d e r iv a t iv e s  found a f t e r  in a c tiv a tio n  w ith  io d o a c e ta te  
which in d ic a te s  th a t  m eth ion ine  and h is t id in e  a re  c r i t i c a l  
re s id u e s  in  the  a c t iv e  s i t e .
Fumarase, from sou rces o th e r  than  p ig  h e a r t ,  has been  in ­
v e s t ig a te d .  B ak er 's  y e a s t fum arase (8 ,12) has been  shown to  
resem ble p ig  h e a r t  fum arase in  th e  fo llow ing c h a r a c t e r i s t i c s :  
(A) th e  e f f e c t  o f pE a c t i v i t y ,  (B) the  e f f e c t  o f phosphate  on 
enzyme k in e t ic s  and (C) th e  in h ib i t io n  of a c t i v i t y  w ith  a  con­
com itan t e f f e c t  on k in e t i c s  by  monovalent a n io n s . U nlike p ig  
h e a r t  fum arase, b a k e r ’s y e a s t  fumarase has h ig h e r Kin v a lu e s  and 
i s  in h ib i te d  by low c o n c e n tra tio n s  of FCMB (lOjum).
Two m olecu lar forms o f fum arase have been i s o l a t e d  from 
to ru la  y e a s t  (19 )* The a u th o rs  s t a te  th a t  th e  v a r i a t i o n  might 
be due to  d if fe re n c e s  in  s t r a i n ,  c u l tu r a l  c o n d it io n s , d ry in g  
c o n d itio n s  o r e x tra c t io n  p ro ced u res , b u t m ain ta in  t h a t  th e  two 
enzyme v a r ia n ts  e x h ib i t  d i f f e re n c e s  in  k in e t ic  b e h a v io r . The 
to ru la  y e a s t  enzymes d i f f e r  from each o th e r  and from  p ig  h e a r t
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fum arase In  M ichaelis co n stan ts  and th e  dependence o f maximum 
i n i t i a l  v e lo c ity  on pH. In g e n e ra l, th e  M ichae lis  c o n s ta n ts  o f 
f r a c t io n  A a re  tw ice  those  fo r  f r a c t io n  B and fo u r  tim es those  
f o r  p ig  h e a r t  fum arase. The p lo ts  o f maximum i n i t i a l  v e lo c ity  
ve rsu s pH y ie ld  h e ll-sh a p e d  curves f o r  a l l  th re e  enzymes. The 
pH optim a, u sing  m ala te  as s u b s tra te ,  f o r  th e  th re e  enzymes a re  
8 .1 ,  7 -8 , and 7«7 f o r  f r a c t io n  A, f r a c t io n  B, and p ig  h e a r t  fum­
a ra s e  r e s p e c t iv e ly .  With fum arate a s  s u b s tr a te  a  pH optimum 
could  n o t be ob ta in ed  from the  p lo t  o f  maximum i n i t i a l  v e lo c ity  
v e rsu s  pH fo r  th e  two f ra c t io n s  from  to r u la  y e a s t .
Shih and B a rn e tt (39) dem onstrated t h a t  peanu t fum arase 
(p u r i f ie d  85 f o ld )  has the same m olecu lar w eight a s  p ig  h e a r t  
fum arase. In  c o n tr a s t  to  p ig  h e a r t ,  b u t  s im ila r  to  y e a s t ,  pea­
n u t fumarase i s  in h ib i te d  by low c o n c e n tra tio n  o f  su lfh y d ry l 
r e a g e n ts .
Fumarase has a ls o  been s tu d ied  in  th e  th e rm o p h ilic  bacterium , 
P rop ion ibac te rium  pentosaceum (3 ) .  S im ila r ly  to  o th e r  fum arate 
h y d ra ta se s  i t  was shown to  be s tro n g ly  a f f e c te d  by io n s . In 
a d d it io n  P. pentosaceum  fumarase was a ls o  in h ib i te d  by PCMB (l.l5m M ).
Comparisons o f some of the p r o p e r t ie s  o f fum arases from d i f f e r ­
e n t  sources a re  shown in  Table 1 .
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TABLE 1
Comparison o f Fumarases from D if fe re n t  Sources
In h ib i t io n  A c t iv i ty  
Sed im entation  by t h i o l  a f f e c te d  by
Source_______________ c o e f f ic ie n t  (S) - re a g e n ts  (lmM) phosphate
P ig  h e a r t  (15 ,32) 9*1 No Yes
B a k e r 's  y e as t (8 )  Yes Yes
T orula y e a s t (19)
Form A 9*5 “““
Form B 9 -7  —
Peanut (39) 9*1 Yes ■=»«=
E rop ion ibacteriu in
pentosaceum (3 ) —- Yes Yes
MATERIALS AMD METHODS
R eagents
A ll chem icals employed in  th is  s tu d y  were a n a ly t ic a l  rea g en t 
grade w ith  th e  fo llo w in g  ex cep tio n s: L -m alic a c id ,  p -chlorom er-
cu rib en zo ic  a c id , N-ethylm aleim ide, bovine serum album in (N u tr i­
t io n a l  B iochem icals C o rpo ra tion ); tris(hydroxym ethyl)am inom ethane 
( t r i s ) ,  (Sigma Chemical Company); p ro tam ine s u l f a t e ,  s p e c ia l  en­
zyme grade sucrose  M. A ., c a ta la se  (Mann R esearch  la b o ra to r ie s  
I n c .) ;  io d o a c e tic  a 6 id  (Eastman Organic C hem icals); S e le c ta c e l 
ion  exchange c e l lu lo s e  (DEAE), (S c h le ich e r  and S ch eu ll Company); 
b u f fa lo  b lack  NBR no. 6^69 (K and K la b o r a to r ie s ) ;  a lc o h o l dehy­
drogenase (W orthington Biochemical C o rp o ra tio n ); iodoacetam ide 
(P ie rc e  Chemical Company); Sephadex G-200 (Pharm acia Pine Chemi­
c a ls  I n c . ) .  Except f o r  th e  p re p a ra tio n  o f  m edia, a l l  th e  w ater 
employed was g la s s  d i s t i l l e d  de ion ized  w a te r .
Maintenance and Growth o f the Organism
Stock c u ltu re s  o f Pseudomonas f lu o re s c e n s  were m aintained on 
s la n te d  medium composed o f S ta n ie r 's  m in e ra l s a l t s  m ixture (40) 
supplemented w ith  0 .1 #  y e a s t e x t r a c t ,  0 .5 #  fum aric  a c id  and 1 .5 #  
ag a r in  screw -cap tu b e s . C ultures were a llow ed  to  incubate  a t- t
room tem pera tu re  u n t i l  th e re  was good grow th and were then  s to re d  
in  th e  r e f r i g e r a to r  a t  it- C. T ran sfe rs  were made a t  in te rv a ls  of 
approx im ate ly  one month. S ta n ie r 's  s a l t  m ix tu re , supplemented w ith
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0 .1 #  y e a s t e x tr a c t  and 0 .5 #  fum aric a c id , was th e  medium employed 
f o r  l iq u id  c u l tu r e s . P. f lu o re s c e n s  was in o c u la te d  from  agar 
s la n ts  in to  250 ml Erlenm eyer f la s k s  co n ta in in g  100 ml o f medium. 
These media were s t e r i l i z e d  hy a u to c la v in g  fo r  20 m inutes a t  121 C.
la rg e  b a tch es of c e l l s  were grown in  a  New Brunswick c o n tin ­
uous c u ltu re  a p p ara tu s , Model CF-500 (New Brunswick S c ie n t i f ic  Co. 
In c . ) .  Medium was p repared  in  5 g a llo n  carboys c o n ta in in g  10 
l i t e r s  o f growth medium and au to c lav ed  f o r  1 hour. MgSfy was 
au to c lav ed  s e p a ra te ly  and added a s e p t ic a l ly .  A 1# inoculum was 
used in  the continuous c u l tu r e  a p p a ra tu s . The tem pera tu re  of the 
c u l tu re  v e sse l was m ain tained  a t  30 C w hile  the  c o n te n ts  were 
a g i ta te d  w ith the  im p e lle r  (200 r .p .m . ) and a e ra te d  (approxim ately 
lUOO cc/m in ). A eration  was accom plished by a i r  under p ressu re  
fo rce d  through au to c lav ed  g la ss-w o o l f i l t e r s .  Foaming was con­
t r o l l e d  by the u se  of foam d e p re ssa n t (Antifoam B, Dow Corning, 
M idland, M ichigan). Per c e n t  tra n sm itta n c e  of 8-10 o f th e  c u ltu re , 
measured on a Bausch and Lomb sp e c tro n ic  20 a t  600 njj, was main­
ta in e d  in  the  growth cham ber. Sedim entation of c e l l s  from la rg e  
volumes of medium was accom plished  by th e  use of a  Sharpies steam 
d r iv e n  c e n tr ifu g e . The c e l l  p a s te  r e s u l t in g  from t h i s  c e n t r i f u ­
g a tio n  was washed once w ith  d i s t i l l e d  w ater and once in  0.01 M 
phosphate b u ffe r , pH 7*0 employing a  S e rv a ll  Model RC-2 c e n t r i ­
fuge (Ivan  S o rv a ll, I n c . ,  Norwalk, Conn.) a t  16,300 x g fo r  15 
m in u tes . The y ie ld  of c e l l s  was abou t 3*3 grams wet weight p e r
Ik
l i t e r  o f medium.
P re p a ra tio n  o f DEAE C e llu lo se  Columns
The DEAE c e l lu lo s e  (100 grams) was allow ed to  s in k  in to  4 
l i t e r s  o f  1 N NaOH and th e  s lu r r y  was s t i r r e d  slow ly  f o r  30 min­
u te s .  Then 10 l i t e r s  o f d e io n ized  w ater were added and th e  s lu r r y  
was s t i r r e d  and allow ed to  s e t t l e .  The l iq u id  above th e  s e t t l e d  
DEAE c e l lu lo s e  was siphoned o f f .  Ten l i t e r s  o f d e io n ized  w ater 
was a g a ih  added and s t i r r e d  slow ly  fo r  30 m in u tes . The DEAE 
was a llow ed to  s e t t l e  and th e  su p e rn a tan t f l u id  was removed w ith  
a s iphon . The pH of th e  DEAE s lu r r y  was a d ju s te d  to  n e u t r a l i ty  
by th e  a d d it io n  of co n cen tra ted  HC1 w ith  s t i r r i n g .  Ten l i t e r s  
o f d e io n ize d  w ater was added and the  s lu r r y  was s t i r r e d  fo r  30 
m inu tes. Once ag a in  th e  su p e rn a ta n t f lu id  which formed on s ta n d ­
ing  was siphoned o f f .  To th e  rem aining s lu r r y  s u f f i c i e n t  1 M 
KC1 was added to  b r in g  the  c o n c e n tra tio n  to  0 .3  M. A fte r  s t i r r ­
ing  f o r  30 m inutes, th e  DEAE was allow ed to  s e t t l e .  The su p er­
n a ta n t  f l u id  was siphoned o f f  and 10 l i t e r s  o f d e io n ize d  w ater 
was added. The m ixture was s t i r r e d . f o r  30 m inu tes and subse­
q u e n tly  a llow ed  to  s e t t l e .  Once ag a in  the  su p e rn a ta n t f lu id  was 
removed w ith  a  siphon . One M KC1 was added and th e  DEAE was p ro ­
cessed  a s  b e fo re .  The th ic k  s lu r r y  of DEAE c e l lu lo s e  was d eae ra ted  
under a  vacuum a p p lie d  w ith  a  w ater a s p i r a to r .  The o u t le t  tube 
o f a  k . 5  x  60 chrom atographic cm column, was f i t t e d  w ith  a  va lve  
c o n s is t in g  o f a  p iece  o f ru b b er tub ing  and a  screw  clamp. The
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v a lv e  was c losed  and th e  column was h a l f - f i l l e d  w ith  0 .3  M KC1.
The s lu r ry  o f adso rben t was slow ly  added to  th e  top  o f th e  column 
u n t i l  th e  column was f i l l e d  w ith  l iq u id .  The ad so rb en t was a llow ­
ed to  s e t t l e  u n t i l  a la y e r  2 cm th ic k  had form ed. Then th e  o u t­
l e t  va lve  was opened and a flow  r a t e  o f 20 drops p e r m inute was 
e s ta b l is h e d . A d d itio n a l a d so rb en t was added to  th e  to p  o f th e  
column p e r io d ic a l ly  and c a re  was tak en  n o t to  a llow  th e  adso rben t 
to  com plete ly  s e t t l e  b e fo re  add ing  more. The column was e q u i l -
_3
ib ra te d  w ith  6 l i t e r s  o f  0 .0 5  M t r i s  b u f fe r  c o n ta in in g  10 M 
m alate (pH 8 .0 ) .
P re p a ra tio n  o f  Hydroxyl A p a tite
The adso rben t was p rep a red  and a  2 .5  x Uo cm chrom atographic 
tube was packed acco rd ing  to  th e  method o f T is e l iu s  e t  a l .  (42).
A flow  r a t e  o f 6 drops p e r  m inute was m ain ta ined . B efore a p p lic a ­
t io n  o f th e  p ro te in  s o lu t io n  th e  column was washed 5 tim es w ith  
column volumes (100 ml) o f 0 .005  M phosphate b u f fe r  c o n ta in in g  
10 M m alate  (pH 7*0). A fte r  th e  p ro te in s  had been e lu te d ,  the 
column was reg en era ted  by w ashing w ith  0 .4  M phosphate b u f f e r  (7*0). 
A fte r washing w ith  abou t 5 column volumes i t  was e q u il ib ra te d  w ith 
s t a r t i n g  b u f fe r  f o r  r e u s e . The column was used re p e a te d ly  u n t i l  
the  flow  r a t e  became to o  slow .
P re p a ra tiv e  Polyacrylam ide Gel E le c tro p h o re s is
The p re p a ra tiv e  po lyacry lam ide  g e l  e le c tro p h o re s is  appara tu s 
"Polyprep" was purchased from  B uchler In strum en ts Company. The
t
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p rocedures used in  i t s  o p e ra tio n  were th o se  suggested by  th e  
m anufacturer in  th e  Buchler In s t r u c t io n  Manual e n t i t l e d  "Opera­
t io n  I n s t ru c t io n s  fo r  Buchler P re p a ra tiv e  Polyacrylam ide Gel 
E le c tro p h o re s is  Apparatus 'P o ly p re p '"  w ith  m od ifica tions .'
Using a  b u f fe r  system suggested  by R u tte r (p e rso n a l comm­
u n ic a tio n )  a t  a  running  pH of 9*5 and a  running tem pera tu re  o f 
0 C, a  2 . f> cm g e l  was p rep a red . The low er ge l c o n s is ts  o f 7*5$ 
acrylam ide and 0 .20$  b isacry lam id e  and i s  se t up a s  in d ic a te d  in  
Tables 2 and 3.
A n a ly tic a l Gel E le c tro p h o re s is
P rocedures fo r  d is c  e le c tro p h o re s is  were those  d e sc r ib e d  by 
Davis (10) w ith  m o d ifica tio n s . A sample g e l was no t used  b u t  
a l l  sam ples were d ia ly zed  a g a in s t  40$ sucrose and were p la c e d  d i r e c t ­
ly  over th e  s ta c k in g  g e l .  A Beckman Spinco C onstat re g u la te d  
power supp ly  was used to  supply  If m illiam ps per tube and th e  c u rre n t 
was a p p lie d  f o r  1*5 to  60 m inu tes. Bromophenol b lu e  was used  as 
a  tra c k in g  dye when d e s ire d . To minim ize d e n a tu ra tio n , th e  sy s ­
tem was m ain ta ined  a t  k C th rough  th e  use of fro zen  cubes o f  
b u ffe r  in  th e  b u f fe r  s o lu t io n . B u ffa lo  b lack  was used f o r  g e l  
s ta in in g . S ta in in g  was fo r  10 m inutes follow ed by s e v e ra l  changes 
o f 7$ a c e t i c  a c id  f o r  d e s ta in in g .
Sucrose D en sity  G rad ien t C e n tr ifu g a tio n
This a n a ly s is  was done acco rd ing  to  th e  method of M artin  and 
Ames (25 ) i n  4 .6  ml g n a d ie n ts . The l in e a r  g rad ie n ts  were p rep a red
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TABLE 2
Stock S o lu tio n s  f o r  P re p a ra tiv e  Gel E le c tro p h o re s is
Volume r a t i o __________ Components p e r  100 ml__________ pH and temp
Lover g e l
1 Acrylamide 30 »0 g
1 B isacrylam ide 0 .8  g
T ris  2 .06  g
1 Glycine 1 .39  8 9*13 a t  23 C
TEMED 0 .25  g
1 Ammonium p e rs u lfa te  0 .8  g
Upper b u f fe r
T r is  5 .16  g
1 Glycine 3.U8 g 8 .90 a t  25 C
Lower and e lu t io n  b u f fe r
T r is  lU . 5 g
1 HC1 1 .0  N 60 .0  ml 8 .06  a t  25 C
IB
TABLE 3
G eneral P r in c ip le s  fo r  P re p a ra tiv e  Gel E le c tro p h o re s is
A. Lower g e l :
1 . • B u ffer concn (M) : 43 mM t r i s  -  46 mM g ly c in e
2 . B u ffer cond (2.5 C, umho) : 1475 ,
3 . Gel tim e (min, temp) : 2 0 ,min: 0 -1  C
B. Upper b u f f e r :
1 . Concn (M) ; 43 mM t r i s  -  46 mM g ly c in e
2 . Cond (25 C, umho) : 340
C. Lower b u f f e r :
lT" Concn (M) ; 120 mM t r i s  -  60 mM HC1
2 . Cond (25 C; umho) 5020
D. E le c tro d e  p o l a r i t y :
Lower : (i“)
Upper : (—)
E. Sample b u f f e r :
1 .032 g t r i s  p e r l i t e r ;  O.696 g g ly c in e  p e r  l i t e r ;  
50 g sucro se  p e r  l i t e r ;  pH 8 . 9O; cond 70.
F. I n s e r t  b u f f e r :
7 2 .5  g t r i s  p e r l i t e r ;  300 ml 1 .0  N BC1 p e r  l i t e r ;  
pH 8 .1 ;  cond 25000.
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w ith  5 and 20# s o lu t io n s  (w/v) in  0 .05  M t r i s  b u f f e r  c o n ta in in g  
-310 M m alate (pH 8 .0 ) .  The enzyme m ixture was lay e red  on th e  
g ra d ie n t in  a  f i n a l  volume o f 0 .2  ml and th e  g ra d ie n ts  were cen­
t r ifu g e d  a t  2 C u sin g  a  Spinco model L u l t r a c e n t r i f u g e  and a  SW-39 
r o to r .  A fte r  c e n tr ifu g a tio n  the  bottom  o f  each  L u stero id  tube 
was punctured  and 10 drop f r a c t io n s  were c o l le c te d .  Samples were 
im m ediately analyzed  and kep t co ld  by p la c in g  th e  c o l le c t in g  tubes 
in  an ic e  b a th . Beef l i v e r  c a ta la s e  (inol wt 250,000) and y e a s t 
a lc o h o l dehydrogenase (mol wt 151, 000 ) were used a s  s ta n d a rd s .
C a ta la se  a c t i v i t y  was determ ined by th e  method o f  Beers and S ize r 
(5)* A lcohol dehydrogenase a c t i v i t y  was assayed  by th e  method 
o f V alle  atid fetch (^ 3 ) .
Enzyme Assays
Fumarase was r o u t in e ly  assayed by a  m o d if ic a tio n  of th e  method 
o f Kanarek and H i l l  (2 0 ). A c tiv ity  was m easured sp e c tro p h o to m e tr ic a l-  
ly  in  a  Beckman DB spectropho tom eter a t  250 nju i n  c u v e tte s  o f 1 cm 
l i g h t  p a th , w ith  0 .0 5  M L-malate a s  s u b s tr a te  in  0 .05  M sodium phos­
phate  b u f f e r  (pH 7*3)• The number o f  u n i t s  o f  a c t i v i t y  f o r  an 
a l iq u o t  o f enzyme in  3 ml o f s u b s tra te  b u f f e r  s o lu t io n  i s  d e fin ed
•a
as  th e  i n i t i a l  r a t e  o f  change in  o p t ic a l  d e n s i ty  p e r  10 seconds x 10 
a t  30 C. The s p e c i f ic  a c t i v i t y  i s  d e fin e d  a s  th e  t o t a l  number of 
a c t i v i t y  u n i ts  p e r  ml o f  enzyme a t  a  p ro te in  c o n c e n tra tio n  o f 1 mg 
p e r  ml.
Fumarase was assayed  accord ing  to  th e  method o f Backer (35)
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when fum arate was used a s  s u b s tr a te .  The a c t i v i t y  was determ ined 
on a  G ilfo rd  Spectrophotom eter model 2U00 a t  30 C.
P ro te in  Measurement
P re lim in ary  p ro te in  d e te rm in a tio n s  were done by m easuring 
absorbancy a t  280 m̂ . and 260 m  ̂ acco rd ing  to  the  method o f War­
burg  and C h r is t ia n  (UU). P ro te in  d e te rm in a tio n s  by th e  method of 
Lowry e t  a l .  (2^ ) were used when f i n a l  s p e c if ic  a c t i v i t i e s  were 
c a lc u la te d . Bovine serum album in was used a s  th e  s ta n d a rd .
Enzyme P u r i f ic a t io n
Washed c e l l s  were suspended in  co ld  0 .0 1  M phosphate b u f fe r  
(pH 7*0) and cooled  to  ^ C. The s lu r ry  o f b a c te r ia  was p laced  in  
a  R o se tt c e l l  and was su b je c te d  to  son ic  d is ru p t io n  (Branson, model 
W-125) f o r  3 m inu tes. The tem pera tu re  o f th e  so n ic a te  was main­
ta in e d  below 10 C w ith  a  w ater b a th  c o o le r  (S argen t and Company, 
Chicago, I l l i n o i s )  s e t  a t  -8  to  -10 C and c o n ta in in g  an e th y len e  
g ly c o l-w a te r  m ix tu re . C e llu la r  d e b ris  was• removed by c e n t r i f u ­
g a tio n  fo r  two 20 m inute p e rio d s  a t  37,000 x g i n  a  S e rv a ll  RC-2 
c e n tr ifu g e . The crude c e l lu l a r  e x t r a c t  was a d ju s te d  to  a  p ro te in  
c o n c e n tra tio n  o f 15 mg/ml w ith  0 .0 1  M phosphate b u f fe r  o f pH 7»0. 
Using a  1$ s& lu tion  o f p ro tam ine s u l f a te  (suspended in  0 .0 1  M 
phosphate , pH 7 .0 ) 4 ml o f  pro tam ine s u l f a te  was added dropwise 
to  each  10 ml o f crude e x t r a c t .  The tem pera tu re  was m ain tained  
a t  k C. The p ro te in -p ro ta m in e  s u l f a te  m ix ture  was s t i r r e d  f o r  
15 m inu tes. The m ix tu re  was c e n tr ifu g e d  a t  36,000 x g f o r  15
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m inutes in  a  S e rv a ll  RC-2 c e n tr ifu g e  a t  0 Co The su p e rn a tan t f l u id
was decan ted  and s o l id  ammonium s u l f a te  was added to  th e  su p e rn a tan t
f lu id  u n t i l  50$ o f s a tu ra t io n  was reached . P ro te in  was allow ed to
p r e c ip i t a te  over a  p e rio d  o f 20 m inutes and th e  p r e c ip i ta te d  p ro te in
sedim ented a s  above. The su p e rn a tan t f l u id  was d isc a rd e d  and th e
p r e c ip i t a te  was d isso lv e d  in  a  minimal amount o f 0 .05  M tr is -H C l
“3
b u f fe r  o f pH 8 .0  c o n ta in in g  10. M m ala te . The enzyme was d ia ly zed  
a g a in s t  two changes o f th e  same b u f fe r  over a  If hour p e rio d .
The d ia ly z e d  enzyme ob ta in ed  from ammonium s u l f a te  f r a c t io n ­
a t io n  was a p p lie d  to  th e  top  o f a  DEAE column. Then two column 
volumes o f s t a r t i n g  b u f fe r  was passed  th rough  th e  column to  r e -
i
move m a te r ia l  no t adsorbed to  th e  ion  exchange c e l lu lo s e .  The 
enzyme was th en  e lu te d  w ith  a  6 l i t e r  l i n e a r  g ra d ie n t  o f zero  to  
O.lf M KC1 in  s t a r t i n g  b u f f e r .  Ten ml f r a c t io n s  were c o lle c te d  and 
f r a c t io n s  co n ta in in g  enzyme w ith  a  s p e c i f ic  a c t i v i t y  o f 1000 o r 
b e t t e r  were poo led . The p ro te in  c o n c e n tra tio n  was a d ju s te d  to  0 .5  
mg/ml and f u r th e r  ammonium s u l f a te  f r a c t io n a t io n  was c a r r ie d  o u t.
The ifO-65$ p r e c ip i t a te  was re ta in e d  and d is so lv e d  in  a  minimal
-3
amount o f 0 .005 M potassium  phosphate b u f f e r  c o n ta in in g  10 M
m alate  (pH 7*0) and d ia ly ze d  a g a in s t  th e  same b u f f e r  f o r  if hours
w ith  2 changes o f  b u f fe r  and subsequen tly  a p p lie d  to  a  hydroxyl
a p a t i t e  column. The column was e q u il ib ra te d  w ith  2 column volumes
of s t a r t i n g  b u f fe r  and e lu te d  w ith  an 800 ml l i n e a r  g ra d ie n t o f
“30 .005  M to  0 .3  M phosphate b u f fe r  c o n ta in in g  10 M m alate  (pH 7°0)«
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F iv e  ml f r a c t io n s  were c o l le c te d .  F ra c tio n s  having  s p e c if ic  
a c t i v i t y  o f 10,000  o r b e t t e r  were pooled  and f u r th e r  p u r i f ie d  
by p re p a ra t iv e  g e l  e le c tro p h o re s is  on a Buchler "Polyprep".
The "Polyprep" was s e t  up one day p r io r  to  th e  a p p lic a ­
t io n  o f th e  sam ple. This a llow ed tim e to  assem ble th e  app­
a ra tu s ' and p re -ru n  i t  to  remove con tam inating  m a te r ia ls  from 
th e  g e l .  The "Polyprep" was p re - ru n  a t  o n e - th ird  the  running  
cu rren tr f o r  approxim ately  16 h o u rs . Upon com pletion o f th e  
p re -ru n , th e  ap p ara tu s  was read y  f o r  a p p lic a t io n  o f the  sam ple.
The sample was d ia ly ze d  a g a in s t  th e  sample b u f fe r  f o r  14- 
hours . The power was shu t down, th e  c a p i l la r y  e lu t io n  l in e  
was clamped o f f ,  and th e  to p  e le c tro d e  was removed. The sample 
was pumped in  g e n tly  w ith  a  p e r i s t a l t i c  pump ( P o ly s ta l t ic  Pump, 
B uchler In s tru m en ts)  to  la y e r  th e  enzyme on the  su rfa ce  o f  th e  
g e l .  A s ta c k in g  g e l was n o t n e c e ssa ry  s in c e  th e  p r o te in  s ta c k s  
s a t i s f a c t o r i l y  when e q u il ib ra te d  in  a  ve ry  low io n ic  s t r e n g th  
b u f f e r  in  th e  presence o f su c ro se . The b u f f e r  co n ta in ed  one- 
f i f t h  th e  io n ic  s tre n g th  o f th e  upper b u f f e r ,  and 5# su c ro se . 
R o u tin e ly '15 to  25 mg o f p r o te in  in  a  volume o f 8 to  15 ml 
was a p p lie d .
The ap p a ra tu s  was th en  reco n n ec ted . The i n i t i a l  c u rre n t  
f o r  th e  f i r s t  45 m inutes was o n e -fo u r th  th e  runn ing  c u rre n t 
(12 .5  m illia m p e re s) . The ru n n in g  c u rre n t  was th e n  e le v a te d  to
1
50 m illia m p ere s . Samples were e lu te d  a t  a  flow  r a t e  o f 1 ml/min 
and c o l le c te d  w ith  a  d rop  c o u n tin g  f r a c t io n  c o l le c to r  (B u ch le r) .
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K in e tic  Mechanism
The fo llo w in g  a b b re v ia tio n s  a re  u sed :
V r ir  maximum i n i t i a l  v e lo c ity
V' zz , pH independent maximum i n i t i a l  v e lo c ity
v zz: i n i t i a l  v e lo c i ty
Km r =  M ichaelis c o n s tan t
K' z z  pH independent M ichaelis c o n s ta n t
S —  s u b s tra te
M ”  m alate
F z z  fum arate
p Kqe ■ =  - lo g  o f  th e  a c id  d is s o c ia t io n  c o n stan t o f th e  f r e e  enzyme
pKjjg =  - lo g  o f  th e  b a s ic  d is s o c ia t io n  co n stan t o f th e  f r e e  enzyme
P^aES=  - lo g  o f  the  a c id  d is s o c ia t io n  c o n s ta n t o f th e  enzyme-sub 
s t r a t e  complex
pKfogg =  - lo g  o f th e  b a s ic  d is s o c ia t io n  c o n s tan t o f th e  enzyme- sub 
s t r a t e  complex
ESq —  a c id  form  o f f r e e  enzyme
EH =  a c t iv e  form o f f r e e  enzyme
E zr: b a s ic  form of f r e e  enzyme
z z  r a t e  c o n s tan t
k2 z z  r a t e  c o n s ta n t
kg zzl r a t e  c o n stan t
Kjjg —  secondary  io n iz a t io n  c o n s ta n t o f  su b s tra te  
Kieq —  e q u ilib riu m  c o n stan t
EHS ^  enzym e-substra te  complex
2k
and  c o lle c te d  w ith  a  drop coun ting  f r a c t io n  c o l le c to r  (B uch le r).
Fumarate h yd ra tase  has been shown to  c a ta ly z e  th e  h y d ra tio n  
o f fum arate and d ehyd ra tion  o f L -m alate .
Fumarate -f- HgO T v L -m alate
I t , h a s  been re p o rte d  (2 , 32 ) t h a t  th e  maximum i n i t i a l  v e lo c i ty  v a r ie s  
w ith  pH. This v a r ia t io n  in  maximum i n i t i a l  v e lo c i ty  was in te rp re te d  
in  term s o f th e  pKs of enzym e-substra te  complexes. The r e s u l t s  show 
t^e  pH dependence o f the  maximum i n i t i a l  v e lo c i ty  and M ichaelis 
c o n s tan t w ith  b o th  s u b s tra te s  in  0 .0 5  M phosphate b u f f e r  a t  30 C. 
These r e s u l t s  dem onstrate  th e  io n iz a t io n  o f two groups in  th e  a c t iv e  
s i t e  o f th e  f r e e  enzyme and th e  io n iz a t io n  of th e  same groups in  
th e  enzym e-substra te  complexes. These assum ptions have been made 
on th e  b a s is  o f th e  su g g estio n  by M ichaelis  and Davidsohn (33) 
t h a t  th e  b e ll-sh a p e d  a c t i v i t y  cu rves so o f te n  found f o r  enzymes 
were due to  th e  io n iz a t io n  o f groups in  th e  enzyme.
The io n iz a t io n  of two groups o f th e  enzyme e s s e n t ia l  fo r  
a c t i v i t y  may be re p re se n te d  by t h i s  scheme.
KL-ni .
EH2 v  . X H +  EH 1
2
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The com bination o f EH w ith  S and th e  subsequent d is s o c ia t io n  
o f p roduct P a re  re p re se n te d  by :
kl  k3
EH +  S v   ,.s. EHS ^ N EH +  P
The t o t a l  mechanism a s  d iscu ssed  by A lb e rty  and Massey 











For th e  case  in  which th e  enzyme i s  s a tu ra te d  w ith  s u b s t r a te ,  
a  s teady  s t a t e  tre a tm e n t shows th a t  th e  M ichaelis e q u a tio n :
V = VS i 
K *+■ S
w i l l  be  obeyed f o r  b o th  th e  forw ard and re v e rse  r e a c t io n s .  The 
maximum i n i t i a l  v e lo c ity  and M ichaelis c o n s ta n t a re  fu n c tio n s  o f 
th e  pH and th e  r e a c t io n  i s  re p re se n te d  by :
V=




The maximum i n i t i a l  v e lo c i ty  and M ichaelis  c o n s ta n t which 
a re  determ ined e x p e rim en ta lly  a re  n o t independen t, b u t a re  
r e la te d  th rough  th e  e q u ilib riu m  c o n s ta n t d e riv ed  by Haldane (17)«
RESULTS
Enzyme P u r i f ic a t io n
The r e s u l t s  o f th e  p u r i f ic a t io n  procedure f o r  fum arase from 
P. f lu o re sc e n s  a re  summarized in  Table If. This p u r i f i c a t io n  
scheme re q u ire d  about 300 g wet w eight o f c e l l s  a s  s t a r t i n g  
m a te r ia l  which y ie ld ed  22 g o f p ro te in  in  th e  crude c e l lu l a r  
e x t r a c t .  T his e la b o ra te  p u r i f i c a t io n  p rocess r e s u l te d  in  about 
a  790 fo ld  p u r i f i c a t io n  w ith  a  y ie ld  o f app rox im ate ly  4 mg of 
th e  p u r i f ie d  enzyme, which re p re s e n ts  a  reco v ery  of 14$.
A n a ly tic a l Gel E le c tro p h o re s is
A n a ly tic a l  g e l  e le c tro p h o re s is  was run  to  dete rm ine  th e  
p u r i ty  o f enzyme p re p a ra t io n s .  Using a  sample t h a t  had s p e c if ic  
a c t i v i t y  o f  18,000  from th e  p re p a ra tiv e  g e l  e le c t ro p h o re s is  app­
a ra tu s  one m ajor band and two minor bands were d e te c te d  (F ig . l ) .
A c tiv ity  was shown to  be a s s o c ia te d  w ith  th e  m ajor band by
s l i c in g  u n s ta in e d  g e ls  and a ssay in g  g e l  fragm ents f o r  fum arase 
a c t i v i t y .  No enzym atic a c t i v i t y  was found in  th e  m inor bands. A 
d isc  g e l  a n a ly s is  o f an  enzyme;, p re p a ra tio n  o f s p e c i f ic  a c t i v i t y  of 
31,500  showed two m ajor bands o f  n e a r ly  eq u al m o b il i ty  and a
b a re ly  d is c e rn a b le  minor band. Both major bands were lo c a te d  w ith ­
in  th e  same r e l a t i v e  re g io n  a s  th e  major enzyme band in  th e  a n a l ­
y s is  perform ed on enzyme w ith  a  s p e c if ic  a c t i v i t y  o f 18 , 000 . 
M olecular Weight D eterm ination




P u r i f ic a tio n  o f Fum arate H ydratase from 
P. f lu o re sc e n s
P ro te in  
co n ce n tra tio n  
S tep  (mg/ml)
T o ta l
p r o te in
(mg)
T o ta l
u n i ts
Per c e n t 
recovery
S p e c if ic
a c t i v i t y
Crude e x t r a c t 15 22,050 882,000 100 40
Protam ine
s u l f a te 5 4 , 1+36 740,880 84 167
(n % )2 so1|.:l 1+6.7 2 ,098 608,580 69 290
deae 0 .5 187 326,340 37 1,744
(NH^)gS^ 2 11.6 104 317,520 36 3,052
H ydroxyapatite 2 .0 25 267,275 30 10,691
P re p a ra tiv e  g e l  
e le c tro p h o re s i  s 0 .1 1+ 126,000 14 31,500
P ro te in  o b ta in ed  between 0 .3 5  to  0 .5 0  o f s a tu r a t io n .
P ro te in  o b ta in ed  between 0 .4 0  to  0 .6 0  o f s a tu r a t io n .
Photograph o f s ta in e d  polyacrylam ide g e ls  a f t e r  
e le c t r o p h o r e s is ,  Tube op b.he l e f t  was done w ith  
enzyme w ith  a s p e c if ic  a c t i v i t y  o f 18,000,. Tube 
on th e  r i g h t  was done w ith  enzyme w ith  a s p e c i f ic  
a c t i v i t y  o f 31>500 ,
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t a in e d  by sucrose  d e n s i ty  g ra d ie n t c e n tr ifu g a t io n .  Using b e e f 
l i v e r  c a ta la s e  (mol wt 250, 000 ) a s  a  re fe re n c e , a  m olecu lar 
w eight f o r  th e  fum arase o f 166,000 was ob ta ined  (F ig . 2 ) .  In  
a  second d e te rm in a tio n  in  which y e a s t a lc o h o l dehydrogenase 
(mol wt 151, 000 ) was employed a s  the  s tan d ard , a  m o lecu lar 
w eight o f  165,000 was o b ta in ed  (F ig . 3)*
In h ib i t io n  S tu d ies
The e f f e c t  o f  t h i o l  re a g e n ts  on fumarase was s tu d ie d  (T ables 
5 and 6 ) .  Low c o n ce n tra tio n s  (10 M) o f th e se  re a g e n ts  had l i t t l e  
o r  no e f f e c t  on th e  enzyme. However, h ig h er c o n c e n tra tio n s  a n d /o r 
p re in c u b a tio n  w ith  th e  re a g e n t r e s u l te d  in  in h ib i t io n .
Optimum pH a s  Determined by A c tiv ity
With fum arate  a s  s u b s tr a te  in  0 .05  M phosphate b u f fe r  th e  
a c t i v i t y  pH optimum was determ ined (F ig . k ) .  A p lo t  o f a c t i v i t y  
v e rsu s  pH gave a  sym m etrical b e ll-sh a p e d  curve w ith  an a c t i v i t y  
optimum a t  pH 8 .0 .
K in e tic s
The c a ta ly s i s  o f  th e  h y d ra tio n  o f fum arate and d eh y d ra tio n  o f 
L-m alate by fum arase was measured sp e c tro p h o to m e tr ic a lly  over a
range o f s u b s tra te  c o n c e n tra tio n s  o f 2 .5  x 10” to  5 x  10 M
-k  =3
f o r  L-m alate and 10 to  10 /M f o r  fum ara te . These s tu d ie s  were 
conducted over a  pH range o f 5*5 to  9*5 i n 0 .05  M sodium phos­
p h a te  b u f f e r  a t  30 C. Maximum i n i t i a l  v e lo c i ty  c o n s ta n ts  and 
M ichaelis c o n s ta n ts  were determ ined from l in e a r  LLneweaver-Burk
F ig .  2 . M olecular w eigh t d e te rm in a tio n  u sin g  c a ta la s e  as 
r e fe re n c e . C e n tr ifu g a tio n  was a t  35,000  r .p .m . 




















F ig . 3 . M olecular w eight d e te rm in a tio n  u s in g  a lc o h o l de­
hydrogenase a s  re fe re n c e . C e n tr ifu g a tio n  was a t  
35>000 r .p .m . fo r  16 h o u rs . O a lc o h o l dehydrogen­





























E ffe c t  of T hio l R eagents on Fumarase from P. f lu o re sc e n s
_  ,
I n h ib i to r C o n cen tra tio n  (mM) P er cen t in h ib i t io n
p-ch lo rom ercu ribenzoa te 3-3 33
Iodoacetam ide 10 .0 3^
Io d o ace ta te 1 .0 0
N-ethylm aleim ide 1 .0 0
C oncen tra tion  in d ic a te s  f i n a l  c o n c e n tra tio n  in  cuvette], no t 
p re in cu b a ted .
3^
TABLE 6
E ffe c t o f  P re in cu b a tio n  o f Fumarase w ith  T h io l Reagents on 
Fumarase from P. f lu o re sc e n s
I n h ib i to r P re in cu b a tio n  time (min) Per c en t in h ib i t io n














The enzyme was incubated  in  the  p resence  o f th e  in h ib i to r  
(50 mM) in  0 .0 2  M phosphate b u f fe r  (pH 7 . 3 ) a t  27 C.
The e f f e c t  o f pH on th e  a c t i v i t y  o f  fum arate  hydra- 
t a s e  from P. f lu o re sc e n s  u s in g  fum arate  a s  s u b s t r a te .
(cO IX ) A1IAI10V
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TABLE 7
1 2 K in e tic  C onstan ts f o r  Fumarate H ydratase from P. f lu o re sc e n s
pH *Sl(mM) VM(mM) ^(mM) VF(mM)
5 .5 0.614- ^3 1.9*4 1020
6 .0 1 .19 21+6 17.90 1515
6 .5 1.614 1U2 I4.80 1818
7 .0 2 .31 1+31 I . I 48 1998
7 .3 3.13 769 0.993 699
7 .5 3-71 1000 0.890 6*45
7.75 ----------------- 1639
8 .0 3-62 1220 0.702 1351
8 .2 I4. I 3 11149 ----------------- m  ca n  ao
8 .5 8 .12 952 0 .716 806
9 .0 9 .16 5^3 0.802 311
9-5 9.62 1+31 ■  o t a « >=«— «■
K in e tic  c o n s ta n ts  were ob tained  from  l in e a r  Lineweaver-Burk p lo ts  
f i t t e d  by th e  method o f  l e a s t  sq u a re s .
Fumarate h y d ra ta se  possessed  a  s p e c i f ic  a c t i v i t y  o f  22 , 000 .
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p l o t s .  These l in e s  were f i t t e d  by th e  method o f l e a s t  sq u a res . 
The k in e t ic  c o n s tan ts  a re  shown in  Table 7*
The v a r ia t io n  o f th e  maximum i n i t i a l  v e lo c i t i e s  w ith  pH fo r  
th e  forw ard and re v e rse  r e a c t io n s  i s  shown in  F ig . 5 th rough  8 . 
P lo t t in g  log  V v e rsu s  pH F ig . 5 and 6 were o b ta in e d . According 
to  Dixon ( l l )  th e  bends in  th e  g raph  in d ic a te  th e  pKs o f th e  
io n iz in g  groups in  th e  enzym e-substra te  complex which a f f e c t  
th e  a c t i v i t y  of th e  enzyme. From F ig . 5 pK v a lu e s  o f  5 .7  fo r  
pKaEF and f o r  pKbEF were ol3'fcained w ith  fum arate  a s  s u b s tra te . 
From F ig . 6 pK v a lu e s  o f  J .k  and 8 .7  were a s c e r ta in e d  f o r  the 
io n iz a t io n  c o n s tan ts  w ith  m alate  a s  s u b s tr a te .  According to  
e q u a tio n  5, graphs o f  V v e rsu s  pH (F ig . 7 and 8 ) should  be 
sym m etrical and b e ll- s h a p e d . Furtherm ore, th e  io n iz a t io n  con­
s t a n ts  o f th e  enzym e-substra te  complex can a ls o  be determ ined 
from t h i s  p lo t .  p K ^ g  i s  th e  p o in t  o f in te r s e c t io n  on th e  a c id  
s id e  o f  the  maximum re q u ire d  to  g iv e  h a lf  th e  maximum v e lo c i ty ,  
pKbEM i s  tlie  c o rre sPonding hydrogen ion  c o n c e n tra tio n  on th e  
a lk a l in e  s id e  o f th e  c u rv e . This method o f d e te rm in in g  th e  
io n iz a t io n  c o n s tan ts  has been d e sc rib e d  by A lb e rty  and, Massey 
( l ) .  The pKfl and p l^  v a lu e s  f o r  th e  enzym e-substra te  complex 
by method were c a lc u la te d  to  be 5*7 and 8 .3  w ith  fum arate  as 
s u b s tra te  and 7 .3  and 8 .9  w ith  m alate  a s  s u b s t r a te .  The s o l id  
curves in  F ig . 7 and 8 were c a lc u la te d  from e q u a tio n  5°
According to  Dixon ( l l )  from a  p lo t  o f pKm v e rsu s  pH one
Fig . 5* E f fe c t  o f pH on maximum i n i t i a l  v e lo c ity  o f  fum­
a r a t e  h y d ra ta se  from P. f lu o re sc e n s  using  fum ar­




7.0 8.0 9 .0
pH
F ig . 6 . E f fe c t  o f pH on maximum i n i t i a l  v e lo c ity  o f fum­
a r a t e  h y d ra ta se  from £• f lu o re sc e n s  using  m alate  
a s  s u b s tr a te .  *"
lotjV
P ig . 7» E f fe c t  o f pH on maximum i n i t i a l  v e lo c i ty  u sing  
fum arate  a s  s u b s tr a te .  A ll  p o in ts  in  t h i s  f i g ­
u re  a r e  ex p erim en ta l d a ta ,  and th e  s o l id  l in e  i s  
a  t h e o r e t i c a l  l in e  c a lc u la te d  by th e  use o f equa­






5.0 7.06.0 8.0 9.0
E ffe c t  o f  pH on maximum i n i t i a l  v e lo c i ty  using  
m alate  a s  s u b s t r a te .  A ll p o in ts  in  t h i s  f ig u re  
a re  e x p erim en ta l d a ta ,  and th e  s o l id  l i n e  i s  a  
t h e o r e t i c a l  l in e  c a lc u la te d  by th e  u se  o f equa­








can  determ ine th e  io n iz a t io n  c o n s ta n ts  o f th e  f r e e  enzyme and 
o f the  enzym e-substra te  complex. F igu res  9 and 10 co n ta in  d a ta  
f o r  t h i s  in te r p r e ta t io n .  A pK^g v a lu e  o f 7*3 was determ ined by 
t h i s  method w ith  fum arate  a s  s u b s tr a te .  From F ig . 10 a  value 
o f  8 .2  i s  determ ined  f o r  th e  f r e e  enzyme w ith  m alate a s  sub­
s t r a t e .  Furtherm ore, pK^jjn and pK^EM v a lu es o f  7«5 and 8 .6  
re s p e c t iv e ly  were determ ined  f o r  m alate  a s  s u b s tr a te .
F igu res 11 and 12 a re  p lo ts  o f Kin v e rsu s  pH. The so lid  
curves in  F ig . 11 and 12 have been c a lc u la te d  from  equation  6 
and the  p o in ts  r e p re s e n t  th e  ex p erim en ta l d a ta .  There i s  good 
c o r re la t io n  betw een c a lc u la te d  and ex p erim en ta l v a lu e s .
F igure 13 i s  a  p lo t  o f V/Kin w ith  c o r re c t io n  fa c to r s  
v e rsu s  pH fo r  m alate  and fum ara te . The fo llo w in g  c o rre c tio n  




f o r  m alate a s  s u b s tr a te  and
Keq Kb
V 8
f o r  fum arate a s  s u b s t r a te .  This p lo t  gave sym m etrical b e l l ­
shaped curves which a re  superim posab le, thus th e  same v a lu es
F ig .  9* E f fe c t  o f pH on M ichae lis  co n stan ts  f o r  fum arate  
h y d ra ta se  from P. f lu o re sc e n s  using  fum arate  as 





6.0 7.0 8.0 9.0
pH
F ig . 10. E f fe c t  o f pH on M Lchaelis c o n s ta n ts  f o r  fum arate  
h y d ra ta se  from P. f lu o re sc e n e  u sin g  m alate  a s  







E ffe c t  o f  pH on th e  M ichae lis  c o n s ta n ts  f o r  fum­
a r a t e  h y d ra ta se  w ith  fum arate  a s  s u b s t r a te .  A ll  
p o in ts  In  t h i s  f ig u re  a re  ex p erim en ta l d a ta , and 
th e  s o l id  l in e  i s  a  th e o r e t i c a l  l in e  c a lc u la te d  
by  th e  use  o f e q u a tio n  6 .
Km
(mM)
E ffe c t  o f pH on th e  MLchaelis c o n s ta n ts  f o r  fum- 
a ra te  h y d ra ta se  w ith  m alate  a s  s u b s t r a te » A ll  
p o in ts  in  t h i s  f ig u r e  a re  ex p erim en ta l d a ta ,  and 
th e  s o l id  l in e  i s  a  th e o r e t i c a l  l in e  c a lc u la te d  
by th e  use o f e q u a tio n  6 .
Km
(mM)
F ig . 13 . E f fe c t  o f pH on V/Kin w ith  c o rre c t io n  f a c to r s  
f o r  fum arate h y d ra ta se  from  P. f lu o re s c e n s .
A ll  th e  p o in ts  in  t h i s  f ig u re  were o b ta in ed  
from  th e  e x p e rim e n ta lly  determ ined  d a ta .  The 
s o l id  l in e  i s  a  t h e o r e t i c a l  l in e  c a lc u la te d  by 









f o r  th e  io n iz a t io n  c o n s tan ts  o f th e  a c t iv e  s i t e  in  th e  f r e e  
enzyme a re  ob ta in ed  whether fum arate o r  L-m alate i s  th e  sub­
s t r a t e .  The pKftE and pK^j, were found from  de te rm in ing  th e  
p o in ts  o f i n f le c t io n  to  be 7-3 and 8 .1  r e s p e c t iv e ly .
Low s u b s tr a te  co n ce n tra tio n s  were employed a t  pH 7»0 
and 8 .0  in  o rd e r  to  determ ine the  e f f e c t  o f b u f fe r  c o n cen tra ­
t io n  on th e  enzyme. The va lues o f th e  M ichae lis  c o n s ta n ts  
and th e  maximum i n i t i a l  v e lo c ity  c o n s ta n ts  in  5 mM phosphate 
were o n e -h a lf  th e  value  o f those  o b ta in ed  in  th e  p resence  of 
50 mM phosphate .
DISCUSSION
The p u r i f i c a t io n  procedure  f o r  fum arate h y d ra ta se  from  P^ 
f lu o re sc e n s  was developed e m p ir ic a lly . P re lim in ary  work was 
accom plished w ith  sm all b a tch es  o f  c e l l s  grown in  l i t e r  quan­
t i t i e s  on r o ta r y  sh ak e rs . The c e l l s  were h a rv e s te d , washed 
and d is ru p te d  by  B o n if ic a tio n . O rig in a lly , s trep to m y cin  s u l ­
f a t e  was used to  remove n u c le ic  a c id s ,  b u t  due to  d i f f i c u l t y  
in  r e p r o d u c ib i l i ty  and in o rd in a te  lo s s e s  o f enzyme, pro tam ine 
: s u l f a te  proved to  be a  more d e s ir a b le  re a g e n t. Good r e s u l t s  
were c o n s is te n t ly  ob ta in ed  w ith  ammonium s u l f a te  f r a c t io n a t io n .  
The f i r s t  ammonium s u l f a te  p r e c ip i t a te  was d ia ly z e d  f o r  th e  
m inimal amount o f  tim e (Uhours) due to  lo s s  o f  a c t i v i t y  up ­
on prolonged d i a l y s i s .  C ond itions f o r  DEAE c e l lu lo s e  column 
chrom atography were developed and th e  b e s t  r e s u l t s  were ob­
ta in e d  w ith  la rg e  g ra d ie n t  e lu t io n  volumes a t  pH 8 .0  and 
u sin g  t r i s  b u f f e r .  M alate (10"^ M) was added to  a l l  b u f f e r s  
used in  th e  p u r i f ic a t io n  scheme, ex cep t f o r  p re p a ra t iv e  g e l  
e le c tro p h o re s is  f o r  f e a r  o f  a l t e r i n g  th e  c o n d u c tiv ity  o f th e  
system . F ra c tio n s  from DEAE columns c o n ta in in g  fum arase 
were e a s i ly  d e te c te d  by th e  appearance o f a  ye llow  contam in­
a n t  t h a t  accompanies th e  fum arase a c t i v i t y .  T his p u r i f i c a ­
t io n  s te p  o n ly  gave a  50#  rec o v ery , b u t  y ie ld e d  a  s ix  f o ld  
p u r i f ic a t io n .  The use o f  ammonium s u l f a te  f r a c t io n a t io n  
a f t e r  DEAE chrom atography served  two pu rposes;  t o  f u r th e r
* * 9    .v.
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p u r i f y  th e  enzyme (two fo ld )  and to  c o n c e n tra te  i t .  The en ­
zyme was th en  d ia ly zed  and a p p lie d  to  a  hydroxyl a p a t i t e  c o l ­
umn. The column c o n s is te n t ly  gave good r e s u l t s  in  th a t  a  
f u r th e r  th re e  fo ld  p u r i f ic a t io n  was o b ta in ed  w ith  r e l a t i v e ly  
good reco v ery  ({&#).
At t h i s  s ta g e  o f the  p u r i f i c a t io n  scheme a  250 fo ld  p u r­
i f i c a t i o n  was o b ta in ed . Up to  t h i s  p o in t  th e  p u r i f ic a t io n  
c o n s is te n t ly  gave good r e s u l t s  and was rep ea ted  a  t o t a l  o f l ^  
tim es. The enzyme was f u r th e r  p u r i f ie d  by p re p a ra tiv e  g e l  
e le c tro p h o re s is .  The f i r s t  ru n  was done acco rd ing  to  th e  
methods d e sc rib e d  in  the  B uchler In strum en ts Manual. A 10 cm 
g e l  was used , b u t  no fumarase a c t i v i t y  was d e te c te d  in  th e  e lu -  
a t e s .  Upon s ta in in g  the g e l  a f t e r  com pletion of th e  run  
s e v e ra l  bands were d e te c ted  which in d ic a te d  th e  fum arase may 
have rem ained in  the  g e l.  However, u s in g  th e  system  suggested  
by R u tte r  and a  2 .5  cm g e l ,  s u c c e s s fu l  p u r i f ic a t io n  r e s u l te d .  
Samples c o n ta in in g  s p e c if ic  a c t i v i t y  up to  32,000 were ob­
ta in e d . However, enzyme s o lu t io n s  o b ta in ed  from e le c t r o ­
p h o re s is  were v e ry  d i lu te  (0 .02  to  0 .1  mg/ml) and s u b je c t  to  
in a c t iv a t io n  w ith  tim e.
Gel f i l t r a t i o n  was a l s o  a ttem p ted  in  develop ing  p u r i f i c a ­
t io n  p ro ce d u res . Sephadex G-200 gave a  f iv e  f o ld  p u r i f ic a t io n  
a f t e r  th e  f i r s t  ammonium s u l f a te  f r a c t io n a t io n .  Since on ly  a  
sm all amount o f  enzyme could be p u r i f ie d  by t h i s  method i t  was
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n o t deemed p r a c t i c a l  a t  t h i s  p o in t .  Sephadex chromatography 
was ag a in  t r i e d  a f t e r  th e  second ammonium s u l f a te  f r a c t io n a ­
t io n  h u t on ly  a  two f o ld  p u r i f ic a t io n  was o b ta in ed . F u r th e r­
more, d i lu t io n  and th e  c a p a c ity  to  p ro cess  only  sm all q u a n ti­
t i e s  o f enzyme p re se n te d  d isa d v an tag e s . E ven tually  Sephadex 
p u r i f ic a t io n ,  s te p s  were om itted  from th e  p u r i f ic a t io n  p ro c e ss .
During th e  course  o f develop ing  a  p u r i f ic a t io n  method, 
considerab le  d i f f i c u l t y  was encountered  in  m ain ta in ing  a  s ta b le  
enzyme. A fte r  ex h au stiv e  a ttem p ts  to  determ ine the  cause and 
to  f in d  a  remedy, i t  was d iscovered  th a t  th e  use of g la s s  d i s ­
t i l l e d  d e io n ize d  w ater would so lve  th e  problem . A pparen tly  
something in  th e  d i s t i l l e d  w a ter was in a c t iv a t in g  fum arase o r 
p o ss ib ly  a c t iv a t in g  a  p ro te in a s e .
A n a ly tic a l g e l  e le c tro p h o re s is  d id  no t g ive a  d e f in i te  
answer a s  to  th e  p u r i ty  o f the.enzym e. From th e  g e l  a n a ly s is  
o f enzyme o f s p e c i f ic  a c t i v i t y  o f 18,000  i t  would seem t h a t  
any f u r th e r  p u r i f i c a t i o n  would r e s u l t  in  one m ajor band s in c e  
the  a c t i v i t y  was a s s o c ia te d  w ith  th e  da rk  band through  g e l  
s l i c e s .  However, a  p re p a ra tio n  w ith  s p e c if ic  a c t i v i t y  o f 
31,500 showed two bands o f abou t e q u a l in te n s i ty .  The bands 
from t h i s  g e l  cou ld  p o ss ib ly  be su b u n its  o f  d is s o c ia te d  fum­
a ra s e . In  th e  case  o f t h i s  g e l  a n a ly s is  th e  enzyme was v e ry  
d i lu te  and when exposed to  th e  c o n d itio n s  o f e le c tro p h o re s is  
d is s o c ia t io n  may have occu rred . I t  i s  p o s s ib le  th a t  one o f
52
th e  m ajor hands may he due to  con tam inating  p r o te in s ,  h u t t h i s  
seems u n lik e ly . I t  i s  o f i n t e r e s t  to  note t h a t  th e  h ig h e s t 
s p e c if ic  a c t i v i t y  ob ta ined  was 31*500,±500. T his va lue  i s  
th e  same a s  re p o rte d  f o r  pure  p ig  h e a r t  fum arase. F u rth e r 
c r i t e r i a  o f p u r i ty  were n o t o b ta in ed  because s u f f i c i e n t  quan­
t i t i e s  o f  enzyme were n o t a v a i la b le .
The m olecular w eight o f fum arase from P. f lu o re sc e n s  was 
c a lc u la te d  to  be 166,000 from sucrose  d e n s ity  g ra d ie n ts .  This 
v a lu e  was ob ta in ed  by comparing fum arase to  one enzyme (c a ta la s e )  
o f  known h ig h er m olecu lar w eight th an  fumarase: and an o th e r 
(a lc o h o l dehydrogenase) having  a low er m olecu lar w e igh t. Pig 
h e a r t  fum arase has a  m olecu lar w eight o f 200,000 (sed im en ta tio n  
e q u il ib r iu m ) . The d isc rep an cy  in  m olecu lar w eigh ts may be more 
ap p aren t th an  r e a l  because th e  d e n s i ty  g ra d ie n t  method has i n ­
h e re n t e r r o r s  in  th e  assum ptions employed. This method assumes 
t h a t  th e  s tan d ard s  and th e  fum arase have th e  same p a r t i a l  
s p e c if ic  volume.
Io d o ace ta te  and N -ethylm aleim ide a t  a  c o n c e n tra tio n  o f ImM 
d id  no t i n h ib i t  th e  fum arase. Ten mM iodoacetam ide o r 3»3 niM 
PCMB gave in h ib i t io n s  o f abou t 3^#» However, upon p re in c u b a tio n  
o f th e  enzyme w ith  50 niM o f t h i o l  in h ib i to r s  a  h ig h e r  degree o f 
in h ib i t io n  was reco rd ed . The fum arase from  P. f lu o re sc e n s  i s  
in h ib i te d  by th ese  re a g e n ts  on ly  a t  h igh  c o n c e n tra tio n s  and th u s 
i s  s im ila r  to  p ig  h e a r t  fum arase. In  c o n tr a s t ,  b a k e r 's  y e a s t ,
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t o r u l a  y e a s t ,  peanu t and P rop ion ibacterium  pentosaceum  fum- 
a ra se s  a re  s e n s i t iv e  to  low c o n ce n tra tio n s  o f t h i o l  in h ib i to r s .  
E v id en tly  su lfh y d ry l groups a re  no t lo c a te d  in  th e  a c t iv e  s i t e  
because o f  th e  r e l a t i v e  i n s e n s i t i v i ty  o f th e  enzyme to  t h io l  
r e a g e n ts . S im ila r conclusions based on l ik e  c o n s id e ra tio n s  
have been reached  in  s tu d ie s  on p ig  h e a r t  fum arase.
The pH optimum o f th e  enzyme w ith  fum arate  a s  s u b s tra te  
was determ ined by p lo t t in g  a c t i v i t i e s  v e rsu s  pH. Since a  
sym m etrical b e ll-sh a p e d  curve was o b ta in ed  i t  seemed p o ss ib le  
th a t  fum arase from P. f lu o re sc e n s  m ight behave s im ila r ly  to  
p ig  h e a r t  fum arase. K in e tic  d a ta  was o b ta in ed  and in te r p r e ­
t a t i o n  o f t h i s  d a ta  was i n i t i a t e d .  The pH v a r i a t io n  o f th e  
k in e t ic  c o n s ta n ts  may be a t t r ib u te d  to  io n iz a t io n  o f th e  enzyme, 
enzym e-substra te  complexes, enzym e-buffer com plexes, s u b s tra te  
and b u f f e r .  In  th e  pH range in v e s tig a te d  th e  e f f e c t  o f io n iz a ­
t io n  o f s u b s tra te  i s  undoubtedly  q u ite  n e g lig ib le  s in c e  the  
pK v a lu e s  f o r  th e  second d is s o c ia t io n s  o f fum arate  and L=malate 
a re  ^ .18  and 4 .73  re s p e c t iv e ly .  Phosphate b u f f e r  i s  n o t th e  
b u f f e r  o f choice w ith  t h i s  enzyme. Phosphate b u f f e r  com plica tes 
th e se  experim ents in  t h a t  phosphate a c ts  a s  an  i n h ib i to r .  This 
co n c lu sio n  i s  supported  by th e  f a c t  t h a t  th e  maximum i n i t i a l  
v e lo c i ty  and M ichaelis c o n s ta n t v a lu es  became sm a lle r  w ith  
d e c rea s in g  phosphate c o n c e n tra tio n . In  a d d it io n  to  u s in g  low er­
ed phosphate c o n c e n tra tio n  f o r  com parison, i t  was found th a t  th e
enzyme was f iv e  tim es a s  a c t iv e  in  t r i s  b u f fe r  a s  in  0.05  M 
phosphate . I t  i s  th u s  p o s s ib le  th a t  n eg a tiv e  io n s  combine 
w ith  o r  cM se to  a  group in  th e  p ro te in  t h a t  in f lu e n c e s  th e  
io n iz a t io n  o f a  p a r t i c u l a r  m oiety in  th e  a c t iv e  s i t e  o f th e  
enzyme. The e f f e c t  o f phosphate i s  f u r th e r  com plica ted  by 
th e  f a c t  th a t  th e  r a t i o  o f th e  two forms ofyphosphate changes 
w ith  pH. In  g e n e ra l i t  must be expected  th a t  th e  e f f e c t  of 
bound w i l l  be  d i f f e r e n t  from bound HPC^” so th a t  d i f ­
f e r e n t  ions may be re s p o n s ib le  f o r  th e  a c t iv a t in g  and in h i ­
b i t i n g  e f f e c ts  a t  h ig h  and low pH v a lu e s . I t  may a ls o  be 
no ted  th a t  phosphate b u f f e r  has poor b u f fe r in g  c a p a c ity  a t  
low and high pHs. I t  was no t p o s s ib le  to  o b ta in  a  s t r a ig h t  
l in e  fu n c tio n  o f . th e  linew eaver-B urk  p lo t  a t  pH 5»0*
According to  F rie d eh  and A lb e rty  ( 15 ) th e  b in d in g  o f a  
n e g a tiv e  s u b s tra te  io n  to  th e  f r e e  enzyme would g ive  r i s e  
to  a c id  weakening e f f e c t s  and th a t  th e re fo re  pK̂ Ep* and P ^em  
should  be g re a te r  th a n  pK^E and th a t  p%EF and P*%EM should 
be g re a te r  than  pK^E on th e  b a s i s  o f e l e c t r o s t a t i c  e f f e c t s  
a lo n e . By r e f e r r in g  to  Table 5 i t  can be seen  th a t  t h i s  i s  
n o t always so a s  th e  pK^EF a re  sm a lle r  f o r  some of th e  fum- 
a r a s e s .  The f a c t  t h a t  th e  e l e c t r o s t a t i c  argum ent sometimes 
f a i l s  may mean th a t  o th e r  ty p es  o f in te r a c t io n s  betw een sub­
s t r a t e  and th e  io n iz in g  groups o f  th e  enzym atic s i t e  a re  
p o s s ib le .  This undoubted ly  accoun ts fo r  d if f e r e n c e  in  pH
optim a f o r  fum arate  (6 .9 0  and m alate  (8 . 1 ) .
In  th e  r e s u l t s  p resen ted ,, i t  was dem onstra ted  t h a t  in d e ­
penden t methods y ie ld e d  s u b s ta n t ia l ly  th e  same v a lu e s  fo r  
v a r io u s  pKs. This i s  i l l u s t r a t e d  by o b ta in in g  pK^pjp and 
pKbEF v a lu e s  o f  5*7 and 8 .3  r e s p e c t iv e ly  from  p lo t s  o f lo g  
V and V v e rsu s  pH. Likew ise p I^EMv a lu e s  o f  7 .k ,  7*3, and 
7 .5  from p lo ts  o f  lo g  V, V and pK in-respective ly  were ob ta in ed  
w ith  m alate  a s  s u b s t r a te .  This r e p r o d u c ib i l i ty  was a ls o  
a p p a re n t in  th e  pKs o b ta in ed  fo r  th e  f r e e  enzyme. p K ^  v a lu e s  
o f  7»3 and and pKjjE v a lu es  o f 8 .1  and 8 .2  were o b ta in ed  
from p lo t s  o f  pKin and V/Km v e rsu s  pH.
Since th e  same io n iz a t io n  c o n s ta n t v a lu e s  a re  ob ta in ed  
f 03.’ th e  two e s s e n t i a l  groups in  th e  f r e e  enzyme f o r  e i t h e r  
s u b s t r a te ,  i t  ap p ea rs  t h a t  i t  i s  th e  same e n z y m a tic a lly  a c t iv e  
s i t e  which co n v e rts  fum ara te  to  L-m alate and L -m alate to  fum­
a r a t e .  S c ie n t i s t s  w orking w ith  fum arase have been  t r y in g  to  
i d e n t i f y  th e se  groups t h a t  a re  invo lved  in  c a t a l y s i s .  Evidence 
p o in ts  to  two d i f f e r e n t  d is s o c ia b le  g roups, one in  th e  a c id ic  
form  and th e  o th e r  in  th e  b a s ic  form . Comparison o f  th e  p K ^  
v a lu e  (7*3) o f  fum arase from  P. f lu o re sc e n s  to  known v a lu e s  
(46) su g g est t h a t  th e  im idazolium  group o f  h i s t i d i n e  m ight be 
invo lved  in  th e  c a t a l y s i s .  This o b se rv a tio n  i s  in  agreem ent 
w ith  p ig  h e a r t  fum arase ( 7 , 32 ) . Erom th e  pK^g v a lu e  (8 . 1 ) 
two p o s s i b i l i t i e s  a re  re v e a le d . The s u lfh y d ry l  group o f c y s te in e
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has a  v a lu e  of 8-9  w hile  a  te rm in a l cxC-amino group has a  
pK v a lu e  o f  7 .6 - 8 .4 .  Since i t  has been shown t h a t  fum arase 
from P . f lu o re sc e n s  i s  no t in h ib i te d  to  any g r e a t  degree by 
t h io l  re a g e n ts , i t  seems u n lik e ly  th a t  a  su lfh y d ry l  group 
would be in  th e  a c t iv e  s i t e .  Furtherm ore th e  p o s s i b i l i t y  
o f an  N -term inal amino group in  th e  a c tiv e  s i t e  a ls o  appears 
rem ote .
liab le  5 c o n ta in s  p e r t in e n t  in fo rm ation  on th e  io n iz a ­
t io n  c o n s ta n ts  o f fum arases. I t  may be noted t h a t  fum arases 
from d i f f e r e n t  sou rces have q u ite  s im ila r  io n iz a t io n  con­
s t a n t s .  The m ajor d if fe re n c e s  in  k in e t ic  c o n s ta n ts  may be 
due to  th e  k ind  a n d /o r  c o n ce n tra tio n s  o f b u f fe r s  employed.
In  th e  case  o f P. f lu o re sc e n s  fum arase 0.05 M phosphate 
b u f fe r  was employed. This c o n c e n tra tio n  of b u f f e r  i s  th e  
h ig h e s t employed. Perhaps t h i s  s im i la r i ty  i s  n o t to o  s u r ­
p r is in g  because th e  mechanisms o f a c t io n  amoung fum arases 
should  be s im ila r  and th e re fo re  th e  re q u ire d  s t r u c tu r e  in  
th e  b in d in g  and a c t iv e  s i t e s  should  be s im ila r  w ith  c o r r e l ­
a t iv e  k in e t ic  p a ram ete rs .
I t  appears t h a t  fum arate  h y d ra ta se  from P. f lu o re sc e n s  
i s  s im ila r  to  p ig  h e a r t  fum arase in  a  number of c h a r a c te r i s ­
t i c s .  The m olecu lar w eigh ts o f th e  two enzymes a re  o f  th e  
same o rd e r  o f m agnitude. The pH optima on m ala te  and fum arate 
s u b s tr a te s  a re  v e ry  n ear th e  same v a lu e s . The two enzymes
TABLE 7
Io n iz a tio n  C onstan ts o f Fumarase
Source B uffer pKaE p ^ E pKaEM p^bEM pKaEF p^bEI
Pseudomonas
f lu o re sc e n s o05 M phosphate 7-3 8 .1 lob 8 .8 5 .7 8 .3
H g  h e a r t  (15 , 32) .133  M phosphate — M f l i c a 7 .3 8 .5 5 .9 7 .7
.033  M phosphate — ----- 7 .2 9 .0 5-8 7 .7
.01 M a c e ta te 6 .2 6 .8 6 .6 8 .b 5 .3 7 .3
Peanut (39) .005 M phosphate .6 .1 7 .6 7 A 8 .7 -----
T orula y e a s t  (19)
Form A .01 M a c e ta te — — 7 .b 8 .7 ----- -----
Form B .01 M a c e ta te 5*9 6 .7 7 .1 8 .6 ----- -----
Eeopionihacterium  
pentosaceum  (3 ) .05 M phosphate 6 .5 7 .3 7 .0 7 .7 7 .0
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behave in  a  l ik e  manner when t r e a te d  w ith  t h i o l  r e a g e n ts . 
N e ith e r enzyme i s  g r e a t ly  a f f e c te d  by th ese  re a g e n ts  u n le ss  
p re in cu b a ted  w ith  th e  in h ib i to r s  a t  h igh c o n c e n tra tio n s .
These enzymes appear to  p o ssess  very  s im ila r  k in e t ic  p ro p e r­
t i e s .  The k in e t ic  c o n s ta n ts  o f th e  fum arases v a ry  to  about 
th e  same degree w ith  change in  pH. - The same e q u a tio n s  which 
app ly  t o  th e  mode o f a c t io n  o f p ig  h e a r t  fum arase appear 
a p p lic a b le  to  fum arate h y d ra ta se  p repared  from P. f lu o re s c e n s . 
The fum arase from  P. f lu o re sc e n s  has more p ro p e r t ie s  in  
common w ith  p ig  h e a r t  fum arase th an  do fum arases d e riv ed  from 
o th e r  b io lo g ic a l  so u rces .
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